Sol-gel pre-treatments and coatings are an important class of passive protective coatings, which can effectively prevent corrosion of various metallic substrates through adhesion improvement and barrier protection. Recently, sol-gel chemistry has been proposed as an appropriate method for implementation of self-healing functionality in coatings via extrinsic concepts. In this review we will analyze the most relevant existing works on self-healing sol-gel coatings, including new work done in the direction of implementing intrinsic healing capabilities to sol-gels. The development of active sol-gel coatings is due to the broad chemical versatility of precursors and low processing temperature of this type of chemistry.
Introduction
Corrosion is one of the main processes leading to material destruction and economic losses, the latter being estimated between 2 to 5% of the world's GNP. Although corrosion is inevitable, the costs can be significantly reduced using appropriate protection methods. The sol-gel process was initially established for production of ceramic and glass-like structures and can be traced back to 1842. Generally, the sol-gel process can be described as the evolution of an oxide network by continuous condensation reactions of molecular precursors in a liquid medium, via hydrolytic or non-hydrolytic procedures [6, 7] . The non-hydrolytic method is based on the formation of a colloidal suspension, followed by gelation through condensation of precursor molecules via alkyl halide elimination, ether elimination, ester elimination, C-C bond formation between benzylic alcohols and alkoxides and aldol condensation reactions, depending on the precursor and solvent molecules [8] [9] [10] . Hydrolytic approaches, which are more common in comparison to non-hydrolytic ones, are mainly based on hydrolysis and condensation reactions of metal or metalloid alkoxides (M(OR) n ) ( Figure 1 ). In this kind of precursor molecules, M and R represent a network-forming element and an alkyl/allyl group, respectively. In spite of the versatility of precursor molecules, silicone alkoxides are the most studied ones due to their stability and gentle reactions, which facilitate the control of hydrolysis and condensation reactions rates [8, 11, 12] .
However, hydrolysis and condensation are equilibrium reactions and can proceed simultaneously once hydrolysis reactions have been initiated. The structure and properties of the final product depend on the sequence of these steps, which in turn are dramatically affected by the initial reaction conditions such as pH, molar ratios of reactants, solvent and temperature.
The prepared sol-gel systems can be applied on metallic substrates using different techniques including dip-coating, Routes to extrinsic and intrinsic self-healing corrosion protective sol-gel coatings: a review healing of epoxies with encapsulated liquid agents. Since then, a growing number of books, reviews and research papers have been published on different self-healing approaches [16] [17] [18] .
Following the recent classification proposed by Garcia et al [15] for self-healing coatings, self-healing materials can be classified into two main classes namely (i) extrinsic and (ii) intrinsic self-healing systems. In extrinsic self-healing systems such as capsule-based and vascular systems, the healing agents are added as a separate phase into the matrix, while intrinsic systems such as ionomers, hydrogen-bonded systems, etc., possess a latent self-healing functionality due to the architecture of the molecules themselves.
The extrinsic and intrinsic self-healing materials can be further subcategorized into several groups considering their architecture, healing mechanism, and healable damage size-scale. In addition, self-healing materials, and specifically coatings, can be categorized based on the functionality to be recovered such as corrosion protection, barrier functionality and hydrophobicity.
Extensive information about self-healing coatings can be found elsewhere [6, 7, 15, 17, 19, 20] .
Passive corrosion protection by sol-gel coatings
Sol-gel coatings, in particular silane-based coatings, have been successfully tested as corrosion protective pre-treatments (thickness < 1 µm) and coatings (thickness > 5 µm) on different spin-coating, spray-coating and electrodeposition, followed by a drying/curing step [6] [7] [8] 11, 12] .
In 1997, Guglielmi reviewed the potential application of solgel coatings (mainly ceramic coatings) as corrosion protective coatings and discussed the associated advantages and disadvantages [13] . Since then, numerous papers have been published on corrosion protective sol-gel coatings, revealing quite promising results regarding to the improvement of organic coatings adhesion to substrate and protection of various metallic substrates against corrosion.
Ideally, protective coatings prevent corrosion of the underlying substrate during its service time. Nevertheless, despite the substantial advances in coating technology, coatings fail to fulfill their functionalities over time due to damage and/ or degradation resulting from mechanical and chemical attacks, as well as from thermal cycles. Damages in (organic) coatings can occur at three different levels: macro, micro and nanoscales affecting interfaces, networks and even molecular structure of the coating by dissociation or bond breakage [14, 15] . [30] have employed three different curing agents to conclude that it is not the hydrophobicity but instead the number of reactive sites per curing agent molecule that plays a significant role in the electrochemical properties of GLYMO-TMOS hybrid coatings.
Hybrid sol-gel coatings can be prepared over a continuous compositional range from almost organic to almost inorganic.
An increase in organic content leads to formation of less porous and thicker films, appropriate for barrier protection of metals.
Nevertheless, high concentrations of organic component can lower adhesion and mechanical properties of the final coating.
In other words, although hybrid coatings potentially do exhibit higher corrosion resistance than their inorganic or organic counterparts, there is an optimum ratio for the components to deliver maximum corrosion resistance. The optimum organic/ inorganic ratio (OOIR) varies depending on the system, as it has been reported to be 0.7, 3 and 0.8 for GLYMO/Boehmite, MTEOS/TEOS and VTMS/TEOS, respectively. OOIR can also vary for a single system depending on the coating application method. Metroke et al have reported 11% and 67% as optimum values of [mol GLYMO/(mol GLYMO + mol TEOS)] for corrosion protective GLYMO-TEOS hybrid coating applied using spray and dip-coating methods, respectively [22, 31] . Moreover, the coating application method not only affects the OOIR but also the maximum achievable thickness of the hybrid sol-gel coatings [21, 22, 32, 33] .
Curing temperature
The drying/curing of sol-gel coatings is an important stage in but also led to formation of hard hybrid films, which were highly adherent to aluminum alloys [26] . Croes et al [27] have used three different isomers of phenylenediamine (PDA) to show the superior corrosion protection properties of GLYMO-TMOS hybrid coating cross-linked, using an aromatic amine rather than aliphatic ones. This can be attributed to oxidative polymerization of PDA cross-linking agents to form electro-active oligomers and polymers of PDA that are structurally similar to polyaniline.
Khramov et al [28] have studied the effect of different curing agents on the electrochemical properties of GLYMO-TMOS coatings using different electrochemical techniques.
The obtained results showed that hybrid coatings cured using di-and tri-amino-alkoxy silanes outperformed those cured by di-ethylene-tri-amine (DETA), as amino-silanes have the ability to react with epoxy hybrid coatings through both amino-and alkoxyfunctionalities. In another work Roussi et al [29] have shown the undeniable effect of cross-linking density on the corrosion resistance of GLYMO-TEOS hybrid coatings by using a hyper- Sol-gel coatings containing corrosion inhibitors can be described as an extrinsic self-healing coating approach [13, 15, 16] due to the restoration (i.e. healing) of the original corrosion protection of the underlying metal after damage has occurred.
In this classification, although not described in this paper, solgel coatings containing micro encapsulated liquid healing agents would also be included. The use of encapsulated healing agents in epoxy organic coatings has already been explored and it is only a matter of time until the concept is implemented in sol-gel coatings [42, 43] .
In this kind of systems, the active agent (i.e. corrosion inhibitor) can be added to the sol-gel coating formulation either (i) directly into the sol-gel matrix, as traditionally has been done with protective coatings and will be discussed in section 3.1.1, or (ii) immobilized in a carrier to reduce interactions with the matrix and to control the release of inhibitor. Although both approaches have advantages and disadvantages, the second approach is the one that is leading to major developments, as will be explained in section 3.1.2.
Direct addition of inhibitor
The most common way of incorporating corrosion inhibitors into sol-gel systems is simple mixing with the coating formulation.
The most important factor to be taken into account in such systems is the solubility of inhibitor in the corrosive media. On the one hand, low solubility of inhibitor can lead to weak selfhealing effect due to low concentration of active agents at the damaged site. On the other hand, high solubility of corrosion inhibitors in aggressive media will limit prolonged healing effect as a result of rapid leach out of active agents from the coating. 
Micro/nanoparticles
In order to improve mechanical and barrier properties of sol-gel coatings, micro and nanoparticles can be added to the coating formulation, facilitating preparation of thick and defect-free coatings. The degree of improvement of physical/mechanical properties is a function of particle size and shape. However, the critical pigment volume concentration (CPVC), beyond which coating physical/mechanical properties start to degrade, must be taken into account. Still, achieving desired properties even below the CPVC requires a strong interaction between particle and matrix interfaces [18, 22] . Sol-gel process can be beneficially employed for surface functionalization of particles to be added into coating formulations [35] [36] [37] [38] [39] [40] [41] . In addition, micro/ nanoparticles may either be added to sol-gel coatings or be formed in-situ within hybrid coatings, eliminating the challenges associated with CPVC and strong interfacial forces between matrix and particles.
3. Active corrosion protection by sol-gel coatings
Extrinsic self-healing sol-gel coatings
Although sol-gel coatings offer good passive protective properties against corrosion of underlying metals, these systems are prone to failure under many circumstances, with the water ingress being just a matter of time. In order to improve the protective properties of sol-gel coatings, active protection Unauthenticated Download Date | 5/6/18 2:45 AM of these coatings were not only affected by the presence of ions but also by silane molecules. The resistance of Ce-doped BTESPT coatings was more than two orders of magnitude higher than that of unmodified ones, whereas in case of La-doped coatings the difference was only about one order of magnitude.
For BTSE films, the resistance values were closer, being slightly lower than those for Ce-containing films [47] .
Lian-Kui Wu et al [48] have employed zinc to impart active protection properties into BTSE sol-gel coatings on cold rolled steel (CRS). In the mentioned coating, the silane film was responsible for barrier protection of CRS while zinc provided cathodic protection arising from its sacrificial dissolution.
However, although incorporation of zinc into the sol-gel coating improved its corrosion performance, no healing was observed as the resistance of the coating decreased over time.
The amount of active species to be added into a sol-gel system is an important issue in modification of sol-gel coatings using active ions that cannot be overlooked. On the one hand, 
i) Inorganic inhibitors
Active ions with well-known corrosion inhibition ability such as rare earth metal (REM) ions, e.g. cerium and lanthanum, have attracted considerable interest as a replacement for toxic Cr(VI).
Although the inhibition mechanism of REM ions is not thoroughly In another work, the effect of addition of cerium and lanthanum nitrates on the electrochemical properties of BTESPT and BTSE coatings applied onto galvanized steel was studied.
The obtained results showed that the electrochemical properties which was confirmed by 29 Si NMR [53] .
Despite the beneficial effects of Ce ions on corrosion protection of sol-gel coatings, it should be noted that the inhibition mechanism of Ce(III) and Ce(IV) ions is different, leading to differences in their inhibition performance. Pepe et al [54] have investigated the effect of addition of three and four valent 
ii) Organic Inhibitors
Organic inhibitors which are usually designated as film forming Figure 7 . Evolution of the high and low frequency resistance for the silane pre-treated samples in 0.005M NaCl using SCE as reference [66] . corrosion products covered the defect in hybrid coatings directly doped with corrosion inhibitors. These observations can be attributed to the complexation equilibrium which slows down the inhibitor release rate. However, the complexation process retards the immediate response to corrosion in contrast to stimuli-responsive self-healing systems [71, 72] .
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Indirect addition of inhibitor
ii) Micro-nanocontainers
The first approaches proposed for modification of sol-gel coatings consisted of addition of ceramic particles such as alumina and silica to improve the mechanical properties of the coatings. However, not only mechanical properties but also corrosion resistance of aluminum alloys and carbon steel seemed to increase by addition of a controlled amount of particles. As reported by Palanivel et al, the addition of silica particles with average diameter of 1 µm to BTESPT films, in the range of 5-15 ppm, increased corrosion protection properties of these films, as a small amount of silica can react with cathodically generated OH − ions, and form a passive Al-silicate compound on cathodic areas of AA2024 surface [74] . Nevertheless, agglomeration of the embedded particles, which can be facilitated by gelation process, may lead to coating rupture and deterioration of the coating barrier properties [75] . Further reduction in corrosion resistance of bis-[trimethoxysilylpropyl]amine (BTSPA) coated carbon steel has been reported for silica particles volume concentration (PVC) > 300 ppm due to agglomeration of the embedded silica particles [76] . In this case, even application of a second layer could not cover the defected coating structure resulting from the particles agglomeration. [94] [95] [96] . to sufficient temporary protection of the underlying metal, in the case of local damage of the protective coating, to reach an even more extended lifetime protection or to have repeatable healing at a specific location, an additional functionality of damage closure is required. As highlighted in this review, the development of a combined extrinsic-intrinsic self-healing sol-gel coating is a feasible concept leading to a multifunctional coating that could significantly extend the service lifetime of protected metals. multiple healing properties in a desired system, facilitating the development of various self-healing polymeric systems in which different stimuli such as elevated temperatures [101, 102] , shear forces [103] , reduction reactions [104] [105] [106] and UV-irradiation [107] can trigger healing phenomenon.
While for other types of coatings early versions of intrinsically self-healing variants have been reported, no intrinsic self-healing sol-gel coating has been yet reported in literature. In order to fill this lack in self-healing sol-gel coatings, recently we presented a temperature-pressure triggered intrinsic self-healing hybrid solgel system capable of healing at moderate temperatures [108] .
Our newly developed intrinsic self-healing hybrid sol-gel systems consists of diglycidyl ether of bisphenol A (DGEBA) epoxy resin and organically modified alkoxy silanes (OMAS), aiming at implementing sulphur bonds through sol-gel process into a rigid cross-linked network [86] . This sol-gel derived hybrid system showed the possibility of filling a gap with an approximate 
